traits associated with water-stress tolerance. Solanum habrochaites is a genetically diverse wild relative of cultivated tomato that is sexually compatible with S. lycopersicum and is tolerant to many abiotic and biotic stresses including limited water (Rick, 1983; Spooner et al., 2005) .
Plants experience water stress when evaporation and transpiration exceeds water uptake. Additionally, exposure of roots to chilling temperatures (<10°C and >0°C) can result in water stress as a result of decreased root hydraulic conductance (Wilson, 1976; Fennell and Markhart, 1998; Aroca et al., 2001; Vernieri et al., 2001) . Abiotic stresses may occur slowly over time, such as when soil moisture is progressively taken up by plant roots or lost to the environment through evaporation, or may occur rapidly such as in experiments conducted in growth chambers or hydroponic tanks. When roots are exposed to chilling conditions (5-10°C) in a controlled hydroponic environment, cultivated tomato fails to close its stomata rapidly enough to prevent wilting, whereas under the same treatment, S. habrochaites quickly closes its stomata and maintains shoot turgor (Truco et al., 2000; Aroca et al., 2001; Bloom et al., 2004) . A major-effect quantitative trait loci (QTL) controlling the trait of shoot turgor maintenance (stm) under root chilling was mapped to chromosome 9 in a S. lycopersicum ´ S. habrochaites acc. LA1778 backcross (BC 1 ) population and two minor-effect QTL localized on chromosomes 5 and 6 (Truco et al., 2000) . Subsequently, the QTL on chromosome 9 was fine mapped to a 2.7 cM region with near-isogenic lines and designated stm9 (Goodstal et al., 2005) . Recently, we used a set of 18 recombinant sub-NILs to high-resolution map stm9 to a 0.32-cM region (Arms et al., 2015) .
Traits that accurately quantify and reflect a plant's ability to perform under water stress are essential for effective crop breeding efforts (Richards, 2006; Tuberosa, 2012) . Water-use efficiency (WUE) is defined as the ratio of C assimilation (A) to transpiration (E) rate and determines plant growth habits in water-limiting environments (Comstock et al., 2005; . However, WUE can be difficult to measure rapidly in the field. In addition, some methods for assessing transpiration and photosynthesis only provide estimates of instantaneous WUE rather than season-long WUE. Therefore, proxy traits are often used to estimate WUE and select indirectly for improved WUE; these traits include D 13 C and SLA (Comstock et al., 2005; Chen et al., 2013; Martin et al., 1999; Tuberosa, 2012) .
Carbon isotope discrimination has been used as a predictor of WUE and stomatal conductance (transpiration efficiency) in crop plants under drought stress, particularly in C 3 species (Richards, 2006; Tuberosa, 2012) . Carbon isotope discrimination has been reported to be correlated with WUE in wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), rice (Oryza sativa L.), tomato, and peanut (Arachis hypogaea L.), amongst others (Farquhar and Richards, 1984; Hubick and Farquhar, 1989; Hubick et al., 1988; Impa et al., 2005; Martin et al., 1999; Richards et al., 1993; Tuberosa 2012; Wright et al., 1994 . When stomata are open and the concentration of CO 2 in the intracellular air space (C i ) is high, there is high enzymatic discrimination against the naturally occurring heavy 13 C isotope compared with 12 C. The concentration of CO 2 in the intracellular air space decreases as smaller stomatal apertures lower the internal CO 2 concentration, and this change results in less discrimination against 13 C. As the stomatal aperture decreases, photosynthesis is also reduced but at a slower rate than transpiration, resulting in increased WUE (Martin and Thorstenson, 1988 (Farquhar and Richards, 1984) .
Specific leaf area (SLA = leaf area/dry leaf mass) has also been used as an indirect measure of a plant's WUE. A high SLA has been reported to be associated with water-hungry plant growth (Deines et al., 2011) as well as early vigorous growth (Asseng et al., 2003) . Muir and Moyle (2009) reported that in greenhouse-grown introgression lines derived from S. habrochaites there was an association between the tomato chromosome 9 region containing QTL stm9 and SLA. Therefore, assessing SLA in our chromosome 9 subNILs may provide insight on the relationship between SLA and other traits related to water-stress tolerance.
Phenolics are plant metabolites that have roles in abiotic and biotic stress responses. In tomato, phenolics have been shown to be associated with the reinforcement of root cell walls (Mandal and Mitra, 2007) and increased resistance to insects (Mahanil et al., 2008) . A chromosome 9 QTL possibly containing part of stm9 has been associated with increased total phenolic content of S. habrochaites fruit (Okmen et al., 2011) . Another study identified a QTL on chromosome 9 in the stm9-containing region (as defined by DNA markers in common) from wild tomato S. pennellii associated with higher levels of phenolics under salt stress (Frary et al., 2010) .
Our preliminary field experiment conducted in 2011 with the 18 sub-NILs used for high-resolution mapping of QTL stm9 (reported in Arms et al., 2015) suggested that this chromosome 9 region was also segregating for various horticultural traits such as plant size and fruit yield. In the present study, 2 yr of replicated field experiments were conducted with the 18 sub-NILs subjected to two water treatments-full and restricted (low water) irrigationto determine if WUE-related traits D 13 C and SLA also
Field Experimental Design and Procedures
Replicated field experiments were conducted with the subNILs and controls (i.e., genotypes C1-C22) during the summers of 2012 and 2013 at the University of CaliforniaDavis (UC-Davis) Plant Sciences Field Facility. Davis is located in California's Central Valley and typically experiences dry, warm to hot summers with little to no rain from May through September, allowing for precise control of water applications and deficit irrigation treatments. Two field locations were used in 2012 (hereafter designated loc1 and loc2) and one location in 2013 (designated loc3). Location 1 and 2 each consisted of three repetitions of a split-plot design with water treatments as main plots and genotypes as the subplots, with three blocks per repetition and five plants per subplot. Location 3 employed the same design, except four blocks per repetition were used. Each repetition was blocked according to the water pressure gradient starting from the pressurized water source. Rows were spaced 2.03 m apart and plants within plots were spaced 0.3 m apart with 1.22-m alleys between the plots. Border rows and plots of cultivar T5 surrounded each experiment at each location to minimize edge effects. Double-border rows of cultivar T5 were placed between water-treatment main plots to provide physical separation of soil moisture profiles. Seedlings of genotypes C1 through C22 were grown in flats in a greenhouse at UC-Davis for 5 wk and then hand transplanted into the field. Transplanted seedlings were established with sprinkler irrigation for 2 wk and then switched to drip irrigation for precise control of imposed water treatments (see description below). Plants were managed according to standard horticultural field practices for tomato. Weed competition was mapped to this region of S. habrochaites. The specific objectives of the present study were to (i) evaluate WUE-related and horticultural traits in a set of chromosome 9 sub-NILs grown in the field under restricted irrigation, (ii) map trait QTL and determine linkage relationships among loci controlling these traits, and (iii) determine if QTL for one or more traits colocalize with each other and with stm9.
MATERIALS AND METHODS

Plant Materials
Wild tomato S. habrochaites acc. LA1778 and an indeterminate selection from S. lycopersicum cultivar T5 were used as parents to create an advanced generation backcross population of recombinant sub-NILs with introgressions of a chromosome 9 region (including QTL stm9) from S. habrochaites in an otherwise completely S. lycopersicum T5 background (Arms et al., 2015) . The chromosome 9 sub-NILs used in the present study were generated, marker genotyped, selected, and propagated as described in Arms et al. (2015) . A set of 18 selected sub-NILs was designated C1 to C18 (graphical genotypes shown in Fig. 1 ). Plants of C1 through C18 were allowed to self-pollinate in a greenhouse to generate ample seeds for our replicated field experiments. As controls, we also included in our experiments two near-isogenic lines with larger introgressed chromosome 9 segments from S. habrochaites (09GH0175 and 03GH1322, designated C19 and C22, respectively), a near-isogenic line with no introgression (09GH0163, designated C20), and recurrent parent cultivar S. lycopersicum T5 (designated C21). For further description of these three near-isogenic lines, see Easlon et al. (2014) . minimized by application of preplant herbicide followed by hand weeding of plots at all locations.
Two subsurface drip-irrigation water treatments were applied three times per week: normal (i.e., full water) crop evapotranspiration rate (ETc) for tomato and one-third ETc (i.e., low water) for tomato. The reference evapotranspiration data from the California Irrigation Management Information System (http://www.cimis.water.ca.gov/) weather station located adjacent to the UC-Davis Plant Sciences Field Facility were used to calculate the full irrigation requirement (ETc) for tomato (Allen et al., 1998) . The water treatments used in this study were determined from preliminary field experiments in 2011, which revealed significant differences among genotypes C1 thorugh C22 for yield, plant dry weight, and maturity traits between full ETc and one-third ETc water treatments (E. Arms and D. St. Clair, unpublished data, 2011) . In the 2012 and 2013 field experiments, soil moisture probes (Watermark 200SS, IRROMETER Company, Inc.) were installed at 0.3-and 0.6-m soil depth in the cultivar T5 control plots in the second block of each water treatment-repetition combination to monitor the effect of water treatments on soil moisture levels.
Trait Phenotyping
Trait data was obtained on a per-plot basis for each subplot of five plants. Horticultural traits evaluated included days after planting to first green fruit (DAPG), days after planting to first ripe fruit (DAPR), shoot dry weight (SDW) in kilograms, ripe fruit yield (RYLD) in kilograms, and total fruit yield (TYLD) in kilograms (Table 1 ). The ratio of ripe fruit yield to total fruit yield (R/T = RYLD/TYLD) was calculated as a measure of marketable yield. The WUE-related traits evaluated were D 13 C (‰) and SLA (cm 2 g −1
). Phenolic content of leaves (PHE) was measured in gallic-acid equivalents (Table 1) . Methods used to obtain data for each trait were as follows.
Maturity-related traits (e.g., DAPG, DAPR) were evaluated on a per-plot basis 3 d per week once the plants had their first opened flowers. A plot was considered to have green fruit when the majority of plants within that plot had at least one green fruit with a minimum diameter of 1 cm. A plot was considered to have ripe fruit when the majority of plants within that plot had at least one tomato that was red. Other horticultural traits were evaluated at the time of harvest (see below).
To obtain SLA, after the first ripe fruit appeared in control plots, five fully expanded leaflets per subplot were collected from midcanopy height, placed in a paper bag, and put on ice for transport to the lab. The leaflets were scanned on a flatbed scanner and image data analyzed for surface area using ImageJ (Rasband, 2012) . Some leaf samples were partly curled and did not lay completely flat on the scanner. Consequently, these images required "unfolding" before analysis to obtain accurate measurements of leaf area of the five leaflets. Unfolding was done by digitally copying and pasting overlapping parts of the leaflets into a new image file to account for previously hidden leaf area. After analysis with ImageJ, leaflets from each subplot were dried in an oven to a constant weight at 60°C and then weighed (g). Specific leaf area per subplot was calculated as SLA = leaf area/leaf dry weight (cm 2 g −1
). When the majority of subplots had ripe fruit, 3 to 4 g of fully expanded leaflets per subplot were collected from midcanopy height, placed in an aluminum foil bag, and put on ice for transport to the lab where they were stored at −80°C. Total phenolic content of leaves was measured with the FolinCiocalteu reagent method as described by Frary et al. (2010) . Briefly, 1 g of frozen leaf material was homogenized in 80% methanol with a tissue homogenizer then incubated at 64°C for 45 min and centrifuged at 22,715 g for 10 min. In a 2-mL microcentrifuge tube, 227 mL of the resulting supernatant was reacted with 227 mL 80% methanol, 364 mL Folin-Ciocalteu reagent, and 1000 mL 400 mM sodium carbonate. Tubes were placed in a 37°C water bath for 45 min and then centrifuged at 22,715 g for 5 min. A spectrophotometer was used to measure the absorbance of the supernatant of each sample at 765 nm and PHE was reported as gallic-acid equivalents (mg gallic acid kg −1 fresh weight). A standard curve was established before each run of samples using concentrations of 0, 25, 50, 75, 100, and 125 µg mL −1 of gallic acid (Frary et al., 2010) . Carbon isotope ratio analysis was conducted with leaf samples obtained 1 wk before destructive plant and fruit harvest at the end of the growing season. Fifteen fully expanded leaflets were collected from midcanopy height within each subplot and dried in an oven to a constant weight at 60°C. Leaflets were then ground to a fine powder and 1 to 2 mg was enclosed in a tin foil capsule. Samples were analyzed for C isotope composition at the UC-Davis Stable Isotope Facility (http://stable isotopefacility.ucdavis.edu/) using a continuous flow isotope ratio mass spectrometer. The d 13 C was calculated and reported by the UC-Davis facility as follows:
where R sample and R reference are the ratios of 13 C/ 12 C measured in the plant material and the reference, respectively. The UCDavis facility used the Pee Dee belemnite standard as the reference material. Carbon isotope discrimination was calculated according to as follows:
where d 13 C a and d 13 C p refer to the C isotope ratios of atmospheric CO 2 and the plant sample, respectively. Actual values for d 13 C a were obtained from the National Oceanic and Atmosphere Administration Earth System Research Laboratory Red fruit yield/total fruit yield 1-3 for loc1 and loc2, blocks 1-4 for loc3). ANOVA for traits D 13 C and PHE were performed using PROC MIXED with the same linear additive model and terms as described previously, except for the addition of Tray(Loc) to the random effects. Tray refers to the trays in which leaf samples were analyzed.
When significant G ´ E interactions were detected, trait data sets are referred to by their specific location-treatment combinations. For example, SLA refers to the SLA data set for all environments combined (loc1-loc3), SLA-loc1 refers to the SLA data set for location 1 and SLA-loc1,2 refers to the SLA data sets for loc1 and loc2.
Quantitative Trait Loci Mapping
A linkage map for the S. habrochaites introgressed chromosome 9 region was constructed with JoinMap 4.0 (van Ooijen, 2006) using DNA marker genotype data from 2862 individuals, as described in Arms et al. (2015) . The Kosambi function with a 4-logarithm of odds (LOD) significance threshold was used to construct the map and the resulting marker grouping for chromosome 9 was maintained at LOD 10.
Windows QTL Cartographer 2.5 (Wang et al., 2012 ) was used to analyze the sub-NIL (C1-C18) data for each trait. The QTL for each trait were mapped using composite interval mapping Model 6 (standard model) with the forward and reverse regression function with a walk speed of 0.5 cM and a window size of 0.5 cM. Permuted LOD thresholds (P = 0.05) were obtained for each trait using 1000 permutations, and a QTL was considered significant when the peak LOD value exceeded the permuted threshold for that trait. Multiple QTL were declared for a single trait when the LOD values between significant peaks within the introgressed region decreased below the significance threshold for at least two contiguous markers. The QTL coincidence was determined by visual inspection of the degree of overlap of 1-LOD and 2-LOD support intervals of QTL on the linkage map. A linkage map showing locations of significant QTL was constructed using MapChart 2.1 (Voorips, 2002) . The QTL locations were indicated as 1-LOD bars and 2-LOD whiskers (Fig. 2) . The QTL were named using the trait codes listed in Table 1 .
RESULTS
Statistical Analyses of Trait Data
Twenty-two genotypes (C1-C22) were evaluated for horticultural and traits related to water-stress tolerance in replicated field experiments (two locations in 2012 and one location in 2013). ANOVA revealed the presence of significant G ´ E interactions for most traits: D 13 C, SLA, PHE, DAPG, DAPR, RYLD, and R/T (Table 2) . Subsequently, each of these traits was analyzed separately by location. Genotypes were highly significantly different (P £ 0.001) for all trait-location combinations, with the exception of SLA-loc3 (Table 2) . When loc3 was omitted from the SLA analysis, because of no differences among genotypes, the genotype ´ location interaction was not significant. This G ´ E interaction for SLA was interpreted as a genotype ´ year interaction; loc1 and loc2 were combined and analyzed together, resulting in a highly significant (P £ 0.001) genotypic effect. The water (www.esrl.noaa.gov/gmd/dv/data; White and Vaughn, 2015) . These values were averaged over the growing season to obtain values of −8.46‰ in loc1 and loc2 and −8.29‰ in loc3.
Destructive harvest was performed at the end of the growing season each year to obtain fruit yield and SDW (i.e., biomass) for each subplot. Our plant material is in an indeterminate freshmarket tomato background. Indeterminant genotypes continue growth, flowering, and fruit development until freezing temperatures cause plant death. Therefore, destructive harvest was conducted in early fall when the maximum amount of ripe fruit was present for evaluation while minimizing the presence of rotting fruit and risk of frost. At harvest, two representative plants from each subplot were cut at the soil line, stripped of all fruit, and the remaining plant matter (shoots and leaves) was placed in a mesh onion sack for drying. Fruit was sorted into three classes based on degree of ripeness (green, breaker, and ripe) and then weighed (kg) to obtain RYLD and TYLD. Shoots in the mesh sacks were dried in forced-air dryers at 60°C until a constant weight was reached to obtain SDW (kg).
Statistical Analysis
Analysis of variance (ANOVA) was performed for each trait data set separately using SAS statistical software (v9.3; SAS Institute, 2011). Each trait data set was tested for normality using the Shapiro-Wilk W-statistic in PROC UNIVARIATE and for homogeneity of variance using Levene's test. Data for 2012 SLA, SDW, and RYLD failed the Shapiro-Wilk test (W < 0.95), requiring a square-root transformation to meet the assumption of normality before further analysis. When Levene's test was significant, the data for that trait was weighted by the reciprocal of the variance for those terms in the ANOVA that exhibited significant departure from the assumption of equal variance. When there was a significant genotype ´ environment (G ´ E) interaction for a given trait data set, analysis was performed by location or by water treatment, as appropriate. Otherwise, analysis was performed on trait data pooled across all locations and water treatments. Over all locations, six plots were affected by poor plant establishment and resulted in missing trait data for those plots. Therefore, PROC MIXED in SAS was used to estimate least squares means and perform means separation with Tukey-Kramer (Supplemental Table S1 ).
ANOVA for all trait data sets (except D 13 C and PHE) were performed using PROC MIXED with the following linear additive model:
where Loc refers to the location (loc1, 2, or 3), Water refers to water treatment (full ETc or one-third ETc), and Genotype refers to sub-NILs and controls (i.e., genotypes C1-C22). Parentheses indicate a nested variable and ´ indicates an interaction between effects. In PROC MIXED, Block(Loc), Rep(Loc), Rep ´ Block(Loc), and Loc ´ Block ´ Water ´ Rep were considered random effects. Rep refers to the repetition of splitplot experiments within each location, and Block refers to the reiteration of subplots in main plots within a repetition (blocks treatment ´ location interaction was highly significant (P £ 0.001) for D 13 C-loc3 only (Table 2) . Water treatment had a significant effect for 10 out of 22 trait-location combinations (Table 2) . At all locations, the plants in the low water (one-third ETc) treatment appeared visually more stressed than in the full water (ETc) treatment among the same genotypes. Water-stressrelated symptoms included reduced plant size and curled leaves. Soil moisture probe data confirmed a highly significant difference (P = 0.0007) between the two water treatments, and the water treatment ´ location interaction was not significant (data not shown).
Genotypes were highly significantly (P < 0.001) different for SDW and TYLD. Water treatment had a significant (P < 0.01) effect on both traits (Table 2 ). There were no significant G ´ E interactions detected, therefore all locations and water treatments were analyzed together in each trait dataset.
Mapped Quantitative Trait Loci
The chromosome 9 linkage map for the introgressed region from S. habrochaites represented in the 18 sub-NILs was 1.28 cM in length and spanned markers T1670 to T0532 ( Fig. 1 ; Arms et al., 2015) . In this region, a total of 19 QTL were detected for eight of the nine traits evaluated in the field experiments ( Fig. 2; Table 3 ). No significant QTL were detected for PHE.
Genotype ´ location interactions often resulted in the detection of multiple QTL for a given trait. If we consider QTL for a trait with overlapping 1-LOD and 2-LOD intervals as a single QTL, then 11 QTL were identified for these eight traits. The majority of the trait QTL mapped to the centromeric end of the S. habrochaites introgression represented in the sub-NILs (Fig. 2) . Consequently, some of these QTL were also not completely resolved (i.e., the LOD trace was above the LOD threshold for declaring a significant QTL beyond the centromeric end of the S. habrochaites introgression contained in the 18 sub-NILs; Fig. 2) . Table 1 for traits and codes used). The QTL stm9 is described in Arms et al. (2015) . The QTL 1-LOD intervals are indicated by bars and 2-logarithm of odd (LOD) intervals by whiskers. The LOD peak value and LOD trait-specific threshold are displayed as (peak/threshold) under each LOD bar, and marker location of LOD peak is denoted by black triangles. The allele effects at each QTL were defined in terms of the S. habrochaites allele: a plus (+) indicates an agriculturally beneficial effect on trait value and a minus (−) indicates a negative effect.
Quantitative trait loci for D 13 C were detected in all environments except in loc3 for the low water treatment. The low D 13 C phenotype (i.e., increased WUE, a positive effect) was conferred by the S. habrochaites allele. Location 1 revealed a moderate effect D 13 C QTL (LOD peak at marker T1670) and a major effect QTL (peak at marker T0532) explaining 22% and 70% of the phenotypic variance, respectively (Table 3 ). This major effect QTL was also detected in loc2. The full water treatment in loc3 revealed a QTL (peak marker H307), which had 1-LOD support intervals that overlapped with the loc1 and loc2 QTL for D 13 C ( Fig. 2 ; Table 3 ). For SLA, a pooled data set for loc1 and loc2 revealed one QTL (peak marker T0532) explaining 23% phenotypic variance (Table 3) .
One SDW QTL was detected in marker interval H14 to T0532 with a peak at T0532; increased SDW was conferred by the S. habrochaites allele. The SDW QTL overlapped completely or partially within 1-LOD or 2-LOD support intervals with QTL for DAPG and DAPR (with the detrimental effect of later maturity conferred by the S. habrochaites allele) and RYLD, TYLD, and R/T (negative effects all conferred by the S. habrochaites allele; Fig. 2) . Two QTL for TYLD were detected with decreased TYLD conferred by the S. habrochaites allele. The TYLD QTL in marker interval T1670 to H358 (peak at marker H9) was coincident with a QTL for R/T at loc1 (Fig. 2) . No significant QTL were detected for RYLD-loc3 or DAPR-loc3.
Linkage and Coincidence of Quantitative Trait Loci
The 19 QTL mapped in this study may be separated into three groups based on the location of their LOD peak marker (Fig. 2) . Towards the telomeric end of the S. habrochaites introgression, QTL for D 13 C at loc1, R/T at loc1 and TYLD had overlapping 1-LOD support intervals and their LOD peak at either marker T1670 or H9. Towards the centromeric end of the introgression, two groups of QTL were located, with peak LODs at either marker H307 or T0532. These two groups each contained five and 11 QTL, respectively, and each group contained completely overlapping QTL within 1-LOD or 2-LOD support intervals (Fig. 2) .
Quantitative trait loci for D 13 C and SLA were coincident, with the low (i.e., positive effect) phenotype for both traits conferred by the S. habrochaites allele. These QTL were also coincident with QTL for SDW and maturity (DAPG, DAPR, R/T); the presence of the wild allele conferred high SDW (an agriculturally desirable trait) and later maturity (an undesirable trait; Fig. 2 ). The QTL for RYLD and TYLD were coincident within 2-LOD intervals and a positive effect at each QTL was conferred by the S. lycopersicum allele.
DISCUSSION Quantitative Trait Loci for Multiple FieldBased Traits Map to a Chromosome 9 Region of Solanum habrochaites
Nineteen QTL for eight out of nine traits evaluated in this study mapped to the S. habrochaites chromosome 9 region represented in our 18 sub-NILs (Fig. 2, Table 3 ). The syntenic region in the reference genome of S. lycopersicum is gene-rich (SGN, solgenomics.net; Bombarely et al., 2011) ; if this is also the case in S. habrochaites, then it would partly explain the observed colocalization of many of the detected QTL. It is also possible that this region contains some novel genetic elements in the wild species since the S. habrochaites genome is 1.5´ the size of S. lycopersicum as estimated by flow cytometry (Arms et al., 2015) . Solanum habrochaites alleles provided a beneficial effect on the traits related to water-stress tolerance, that is, D 13 C, SLA, and SDW. However, the wild allele also conferred later maturity and lower yields, which are agriculturally undesirable traits. Other studies have reported that S. habrochaites or lines containing S. habrochaites chromosome 9 9.94*** 1.55ns 1.29ns * Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level. † F-test values are presented for each analysis by trait and location or combination of locations (see Materials and Methods).
introgressions have D 13 C or d 13 C values associated with increased WUE relative to cultivated tomato (Comstock et al., 2005; Easlon et al., 2014) .
Other interspecific tomato mapping studies that included this chromosome 9 region suggest that S. habrochaites alleles confer the following traits: high type IV trichome density and resistance to sweet potato whitefly (Bemisia tabaci; Momotaz et al., 2010) , lower fruit number and less vine architecture uniformity (Bernacchi et al., 1998) , higher SLA (Muir and Moyle, 2009) , and higher fruit phenolic content and increased red fruit color (Okmen et al., 2011) . In other wild tomato species, this region has been associated with traits such as increased ascorbic acid in the fruit and plant dry weight in S. pennellii (Stevens et al., 2007) and lower fruit pH in S. neorickii (Fulton et al., 2002) . The regions outside of our introgression, but contained in the larger introgression of control near-isogenic line C22 (e.g., marker intervals T1641-T1670 and T0532-TG223), have been reported to be associated with several other traits: increased fruit ascorbic acid in S. pennellii (Stevens et al., 2007) ; D 13 C values associated with decreased WUE in S. pennellii ; increased resistance to Botrytis cinerea in S. lycopersicoides (Davis et al., 2009) ; and increased glucose, fructose, and total fruit sugars in S. neorickii (Fulton et al., 2002) . Collectively, these previous findings and our results suggest that this region on the short arm of chromosome 9 controls a number of traits associated with abiotic and biotic stress tolerances.
Linked and Coincident Quantitative Trait Loci
The majority of QTL detected in this study colocated with other QTL in the introgressed chromosome 9 region (Fig.  2) . The region spanning markers H14 to T0532 contains 16 QTL that overlap each other within 1-LOD or 2-LOD support intervals. This region spans 0.38 cM, a physical distance of 4525 kb in the S. lycopersicum reference genome v2.5 (SGN, solgenomics.net). The region spanning markers T1670 to H358 is 0.22 cM, contains three coincident QTL, and is 205 kb in the S. lycopersicum reference genome (SGN, solgenomics.net). An assembled whole-genome sequence for S. habrochaites is not available; therefore, actual physical distances are currently unknown in this species. Colocalization of QTL controlling multiple traits may be due to tight linkage, pleiotropy, or both (Brown, 2002; Chen and Luebberstedt, 2010) . We cannot determine from our current data whether tight linkage, pleiotropy, or both are the cause of QTL coincidence as this would require additional genetic studies with thousands of segregating progeny to determine if recombinants can be recovered (Mackay et al., 2009; Chen and Luebberstedt, 2010) .
Quantitative trait loci for D 13 C were linked with QTL for all other traits investigated in this study (except for PHE for which no QTL were detected; Fig. 2; Table 3 ). Furthermore, QTL for D 13 C and SLA were coincident, and lower SLA was conferred by the S. habrochaites allele. Muir and Moyle (2009) detected a QTL for higher SLA conferred by the S. habrochaites allele in tomato lines containing a large chromosome 9 S. habrochaites introgression (which included the stm9 region). This finding of Muir and Moyle (2009) appears to be counterintuitive since S. habrochaites had been shown previously to exhibit traits associated with waterstress tolerance such as high relative growth rate and low D 13 C (Comstock et al., 2005) . In light of Muir and Moyle's (2009) results, our discovery of a QTL for lower SLA conferred by the S. habrochaites allele suggests that this chromosome 9 region contains multiple QTL for SLA linked in repulsion and that this linkage can be broken via recombination. Wild species may contain both beneficial and detrimental alleles at QTL controlling tolerance to water stress. For example, evaluated a library of 50 introgression lines derived from drought-tolerant wild tomato S. pennellii and detected genomic regions associated with lower D 13 C values and other chromosomal regions associated with higher D 13 C values, indicating complex trait inheritance. Collectively, our study and others' results indicate that there are a number of factors involved in a plant's WUE, and beneficial traits (and alleles) may mediate or reduce the effects of detrimental alleles and traits on a plant's overall tolerance to water stress.
Quantitative Trait Loci Stability and Quantitative Trait Loci ´ Environment Interactions
Quantitative trait loci ´ environment, a type of G ´ E interaction, is defined as the inconsistent detection of QTL across environments (e.g., years, locations, seasons) as a result of interaction between expression of a trait and the environment in which it is evaluated (Bernardo, 2008; Xu and Crouch, 2008; Mackay et al., 2009 ). These interactions may also limit the deployment and use of beneficial QTL alleles in breeding depending on the target environments (Xu and Crouch, 2008) . The presence and magnitude of G ´ E interactions depend on the trait, the genetic material evaluated, and the environments employed for testing (Fehr, 1987; Collard et al., 2005; Bernardo, 2008) . In our study, genotype ´ location interactions were detected for the majority of traits (except SDW and TYLD) as a consequence of rank changes amongst genotypes. Consequently, ANOVA was performed separately by location (Table 2) . Interestingly, G ´ E interactions did not affect the direction of allelic effect for any trait (Table 3) . Traits exhibiting QTL ´ environment in our study, as evidenced by detection in one field location but not in others, included QTL near markers T1670 and H9 for D 13 C and R/T ( Fig. 2; Table 3 ). In contrast, a relative lack of significant genotype ´ water treatment interactions for the traits indicated that the genotypic ranking did not change significantly across water treatments (Table 2) .
Quantitative trait loci stability was evident for some traits in our study. A major-effect QTL for D 13 C (in marker interval H307-T0532) was detected in most environments, suggesting it is relatively stable in our genetic material (Table   3) . Results from other studies have reported low or nonsignificant G ´ E interactions for D 13 C in populations of peanut, cowpea [Vigna unguiculata (L.) Walp.], tomato, rice, and barley (Hubick et al., 1988; Hall et al., 1994; Comstock et al., 2005; Chen et al., 2012 Chen et al., , 2013 . In contrast, significant G ´ E interactions were detected for D 13 C in populations of barley and chickpea (Cicer arietinum L.) (Chen et al., 2012; Krishnamurthy et al., 2013) . In our study, traits SDW and TYLD did not exhibit G ´ E and the QTL were stable across environments ( Fig. 2; Table 2, 3) . Quantitative trait loci for some trait-environment combinations were coincident within 1-LOD or 2-LOD intervals and could be considered a single QTL. For example, DAPG had a significant genotype ´ location interaction, which required separate analysis of each location's dataset. The subsequent detection of three QTL for DAPG that were completely coincident with identical peak markers suggests that this trait was stably expressed over environments in our set of sub-NILs. However, the significant genotype ´ location interaction for this trait resulted in varying LOD traces for these QTL. This result suggests the possibility of this trait QTL fractionating into multiple QTL if higher-resolution mapped with a set of sub-NILs that represent a larger introgressed region beyond marker T0532 (toward the centromere). Fractionation of QTL has been reported for other traits in tomato, including late blight disease resistance, fruit size, maturity, and plant architecture (Johnson et al., 2012; Haggard et al., 2013 Haggard et al., , 2015 .
Field-Based Trait Quantitative Trait Loci were not Coincident with stm9
We sought to determine if QTL for field-based WUErelated traits D 13 C and SLA would colocate with stm9, a QTL for tolerance to rapid-onset water stress caused by root chilling (Goodstal et al., 2005; Arms et al., 2015) . Interestingly, none of the field-based trait QTL we detected (including those for horticultural traits) was coincident with high-resolution mapped stm9 ( Fig. 2 ; Arms et al., 2015) . The S. habrochaites allele at QTL stm9 confers shoot turgor maintenance under root chilling via rootshoot signaling to leaves, leading to more rapid stomata closure and reduced water loss from transpiration (Bloom et al., 2004) . We hypothesized that stm9 may also act to control stomata and transpiration rates (E) in plants grown under field conditions. Changes in E affect WUE, which is calculated from the quotient of C assimilation (A) and E (WUE = A/E; Farquhar and Sharkey, 1982; Farquhar and Richards, 1984; Comstock et al., 2005) .
There are several possible explanations for the lack of colocation of stm9 with any QTL for field-based traits evaluated in our study. As we did not measure all possible field-based traits that might be associated with waterstress tolerance, inadvertently we did not include the traits that may have colocated with stm9. Whereas our current study was conducted in irrigated field experiments, stm9 was detected in young, nonflowering plants grown in hydroponic tanks located in a greenhouse (Truco et al., 2000; Goodstal et al., 2005; Arms et al., 2015) . Since the greenhouse environment differs from the field, plants grown in these two environments will experience different stressors and will not necessarily exhibit the same phenotypic trait expression (Fehr, 1987; Collard et al., 2005; Bernardo, 2008) . In addition, D 13 C was calculated from leaves sampled from mature plants at the end of the growing season in the field while the stm trait (i.e., shoot turgor maintenance under root chilling) may reflect the plant's short-term response to rapid-onset water stress and may not be directly related to season-long WUE. Overall, our results suggest that different mechanisms may be controlling the traits of stm in the greenhouse and low D 13 C (associated with increased WUE) in the field.
CONCLUSIONS
Our study resulted in the discovery of multiple trait QTL and alleles from wild tomato with potential breeding value. The majority of QTL were located at the centromeric end of the chromosome 9 introgression, and consequently, some of the QTL were not completely resolved with the introgressed regions contained in this set of sub-NILs (Fig.  2) . To fine map these QTL, it will be necessary to identify additional recombinants on chromosome 9 beyond marker T0532 toward the centromere. Fine mapping these trait QTL with a new set of recombinants will help elucidate whether the QTL are partly or fully collocated and their linkage relationships to each other. If tight linkage is not present among QTL for D 13 C and undesirable traits, such as late maturity and low yields, then desirable recombinant genotypes suitable for future breeding efforts can be recovered (Chen and Luebberstedt, 2010; Haggard et al., 2013) .
Water-use efficiency, as estimated by D 13 C, could be beneficial for breeding crops such as tomato for productivity under drought or reduced irrigation (Martin et al., 1999; Richards, 2006) . In our genetic materials, it is unknown whether QTL for D 13 C are tightly linked to, or pleiotropic with, QTL for lower yield and later maturity. Selection for low D 13 C in wheat was associated with improved grain yield and biomass in lower rainfall growing environments Richards, 2006; Tuberosa, 2012) . Tomato cultivars selected for higher WUE and economically acceptable yields under reduced irrigation could be useful as a strategy to address future water shortages.
Since WUE is defined as the ratio of C fixation to water transpiration, in principle, genetic variation in WUE can be used to breed for increased crop yields Rebetzke et al., 2002; Richards et al., 2002; Richards, 2006; Tuberosa, 2012) . To realize increased yields, the increased C fixation by the plant must be allocated toward the economically important harvested product (e.g., fruit or grain yield). Thus, yield is an important trait to evaluate and monitor, since improved D 13 C values were associated with higher plant biomass but not higher yields in our study; this was also observed in a study by Krishnamurthy et al. (2013) . If negative pleiotropy between QTL for D 13 C and yield-related traits are present, individual QTL would be expected to vary for their pleiotropic effects, and marker-assisted selection could be employed to identify favorable genotypes . If pleiotropy is not present, then marker-assisted selection can be used to select individuals with desirable allelic combinations at QTL for D 13 C and yield-related traits to breed for improved waterstress tolerance in tomato.
Supplemental Material
Supplemental Table S1 : Trait means for tomato sub-NILs and controls evaluated in the field. Mean separations with Tukey-Kramer. See Material and Methods for details.
